Purpose: To measure natural image search performance in patients with central vision impairment. To evaluate the performance effect for a JPEG based image enhancement technique using the visual search task. Methods: One hundred and fifty JPEG images were presented on a touch screen monitor in either an enhanced or original version to 19 patients (visual acuity 0.4-1.2 logMAR, 6/15 to 6/90, 20/50 to 20/300) and seven normally sighted controls (visual acuity )0.12 to 0.1 logMAR, 6/4.5 to 6/7.5, 20/15 to 20/25). Each image fell into one of three categories: faces, indoors, and collections. The enhancement was realized by moderately boosting a mid-range spatial frequency band in the discrete cosine transform (DCT) coefficients of the image luminance component. Participants pointed to an object in a picture that matched a given target displayed at the upper-left corner of the monitor. Search performance was quantified by the percentage of correct responses, the median search time of correct responses, and an 'integrated performance' measure -the area under the curve of cumulative correct response rate over search time. Results: Patients were able to perform the search tasks but their performance was substantially worse than the controls. Search performances for the three image categories were significantly different (p <= 0.001) for all the participants, with searching for faces being the most difficult. When search time and correct response were analyzed separately, the effect of enhancement led to increase in one measure but decrease in another for many patients. Using the integrated performance, it was found that search performance declined with decrease in acuity (p = 0.005). An improvement with enhancement was found mainly for the patients whose acuity ranged from 0.4 to 0.8 logMAR (6/15 to 6/38, 20/50 to 20/125). Enhancement conferred a small but significant improvement in integrated performance for indoor and collection images (p = 0.025) in the patients. Conclusion: Search performance for natural images can be measured in patients with impaired vision to evaluate the effect of image enhancement. Patients with moderate vision loss might benefit from the moderate level of enhancement used here.
Introduction
The leading cause of vision impairment particularly in the elderly population is age-related macular degeneration. 1 With a projected increase in this population, it is important to devise and test effective rehabilitation techniques. Image enhancement has been suggested as a viable vision rehabilitation option for patients with vision impairment resulting from loss of visual acuity and or contrast sensitivity. [2] [3] [4] [5] Such techniques can be applied to activities of daily living such as TV watching and internet use. A recent survey study 6 has determined that visually impaired people have similar video viewing habits as normally sighted people, and most visually impaired people are interested in image enhancement technologies for TV watching and computer use. 4, 6 Prior studies have found that visually impaired prefer image enhancement in both static images 5, 7, 8 and videos. 4, 9, 10 More specifically, it was found that patients preferred moderate level of enhancement, and rejected higher level of enhancement due to the unnatural appearance of the images. 10 A similar preference for only moderate level of enhancement was also found for normally sighted observers. 11 While preference is an important criterion for determining the value of image enhancement, it is a subjective outcome. It is also important to objectively measure the functional benefits (i.e. improved performance) of the technology. It is possible that a technology that improves performance may not be preferred by the patients (e.g. bioptic telescopes that would help viewing in a sport arena may be rejected by a patient for cosmetic reasons). An optimal technology should be both preferred by the patients and aid their visual performance.
A few studies have reported the effect of image enhancement on functional visual performance for images.
3,12, 13 Peli et al. 3, 14 found improvement with adaptive enhancement, adaptive thresholding, and band enhancement for recognition of celebrities faces. Mei et al. 13 tested enhancement filters preferred by each individual and reported improved recognition of facial expression.
Most of prior studies that examined visual search with impaired vision either used a feature search paradigm, where a square target was asked to be identified amongst distracters 15 or had the subjects locate and identify the orientation of a Landolt's C target. 16 In our study we used natural images (photos) that more closely represent real world tasks to evaluate the visual performance.
The visual search task was used to evaluate a JPEG based image enhancement. The preference for this kind of enhancement has been previously documented for both static image, 7 and motion videos. 9, 10, 17 Since JPEG was adopted for image compression in the 1990s, it has become the most popular static image format. It is wellsuited for image storage and transfer because of its high compression and selectable image quality. Similar image compression technology has been adopted in video image coding (for spatial image compression), such as MPEG2 (used by DVD) and H.264 (commonly used in videos on Internet and portable devices). Current digital TV broadcasting also relies on JPEG based video compression technologies to provide many channels within a limited bandwidth. It is not an overstatement that JPEG image compression is the foundation of modern image information transfer. With increasing dependence on electronic media for information dissemination, it is worthwhile to evaluate image enhancement for compressed images such as JPEG for vision rehabilitation applications. We need to determine if the image compression may interfere and/or restrict the ability to enhance JPEG images.
Methods

Subjects
Nineteen patients (nine males, age: 26-81 years, median 62 years) with binocular visual acuity of 0.4-1.2 logMAR (6/15 to 6/90; 20/50 to 20/300) were enrolled in the study. Table 1 shows the distribution of these patients along with their ocular diagnosis. Seven normally sighted participants (three males, age: 21-75 years, median 62 years) with binocular visual acuity of 0.1 logMAR (6/ 7.5, 20/25) or better served as control subjects. All participants signed an informed consent. The study was approved by the institutional review board of Schepens Eye Research Institute and adhered to the tenets of the declaration of Helsinki. 
Stimuli
Static high definition images (1600 x 1200 pixels) in JPEG format were collected from websites such as Flickr and Google images. Images were classified into one of three categories namely faces, indoors and collections (Figure 1) . The faces category comprised of images with small groups of people, such as sports teams, class pictures etc. Some (not all) images had people wearing uniforms and posing in a similar manner. The indoors category of images contained images of kitchens, living rooms etc. without any people. The collections images contained various objects from the same category such as shells, toys etc. These image categories were selected for specific reasons. Difficulty in face recognition is a common complaint of patients with central vision impairment. 18, 19 Searching for objects in indoor images is closer to real world search tasks, but a top-down knowledge could be used to locate the search targets (e.g. search for a flower vase on a table rather than on the ceiling) Therefore, the third category called collections was added, for which no such top-down knowledge could be applied.
Initially 300 images (100 in each category) were tested in a pilot study with 10 normally sighted individuals (who did not participate in the main study), half of whom wore a contrast-reducing filter to simulate low vision. Based on the average search time of the pilot subjects, 150 images (50 in each category) with shorter search times were selected for the main study. It was determined that the other images were too difficult for some patients, and would extend the experiment time beyond a practical limit.
JPEG image enhancement
Peli et al. have proposed an image enhancement method that directly boosts the amplitude (contrast) of mid spatial frequency bands of the quantization table in the JPEG or MPEG decoder. 7, 20 This technique can be performed at the receiver end and requires little additional computation beyond what is normally done in decoding the transmitted image or video sequence. Using the same technique in this study, the discrete cosine transform (DCT) frequency table of each 8 x 8 pixel block in the JPEG images was multiplied with the filter shown in Figure 2a . Each cell in the filter table represents a particular spatial frequency component of the image block, with the upper-left cell being the average luminance, and the lower-right cell being the highest frequency in diagonal direction. The corresponding retinal spatial frequency in our set up for each of the horizontal DCT components is listed above the table (the same values apply for the vertical components). The enhancement filter we used boosts mid-range frequency, while the lower gain at low and high frequencies limits ringing artefacts in the images. Only the luminance component was modified, and the chromatic components were not changed.
Experimental task
Images were presented using a MATLAB program on a touch screen monitor (Multisync LCD 2090UXi, NEC, http:www.nec.com; 40.7 cm wide by 30.5 cm high; set at its native resolution 1600 x 1200 pixel; maximum brightness: 190 cd m )2 ). A target object preselected from each of the search images was presented on the upper left corner along with the search image on the screen (Figure 3 ). Subjects were asked to find the targets on the screen as quickly and quickly as possible. A 60-pixel (1.5 cm) wide tolerance zone around the target image was allowed. If the subject was unable to find the target he was encouraged to select the closest matching target or touch anywhere on the screen to begin the next trial. The response time was recorded as the time duration from an image onset to the touch response from the subject. Subjects were seated at 40 cm, to permit comfortable reach over the entire area of the touch screen. The display was lowered on the stand to permit presbyopes to comfortably view through their reading aids. 150 images Figure 1 . Examples of the search images used in the study. Images were broadly classified into (from left to right) faces, indoors and collections. Given search targets were shown on the left corner in the experiment.
(50 images per image category) were presented randomly, half of which were enhanced. A break was given after every 30 trials and at any other time if requested by the subject.
Data analysis
Conventional performance measures for visual search include percentage of correct response and median (or average) response time. These two legitimate measures quantify two different aspects of performance and they may change inconsistently from one testing condition to another. The result will be ambiguous when there is an improvement in one measure but a decrement in the other. The usual practice to deal with this problem is to examine accuracy within a fixed time window, or examine the response time for a fixed accuracy. For instance, Smith et al. 21 measured the search time for 100% correct response on normally sighted glaucoma patients, whereas Mei 13 tested discrimination performance of facial expression within 0.73 s display duration. The selection of such a time window or accuracy is usually somewhat arbitrary. As the example in Figure 4 illustrates, where search performances in two conditions are compared, if percentage of correct response is examined at an arbitrary 30 s search time or simply the median search time of each condition is used, performance in condition 1 would be better than condition 2. However, the final percentage of correct response in condition 2 is better than condition 1. In this study we added a novel measure that combines the two conventional measures that we call 'integrated performance'. As shown in Figure 4 , the integrated performance measure is based on the cumulative percentage of correct response with increase in the search time. The area under the curve generated by the cumulative function is used as the integrated performance measure. Generally, a higher percentage of correct response and a shorter search time will result in a larger area under the curve, which represents better search performance. Having a unitary measure allows us to quantify performance more comprehensively and unambiguously. In the area computation, the search time ranging from the fastest response to the longest response for each individual was normalized to 1, and the percentage of correct response was not normalized. The best performance one can achieve by this computation is 1. JPEG image enhancement and visual search of visually impaired G Luo et al.
Repeated
Measures of anova was mainly used for statistical analyses of the percentage of correct response (accuracy), median search time and integrated performance measure using spss 11.5.0 (SPSS, http:www.ibm.com). In addition, a proportion test method was also used.
Results
For all the measures the control group performed substantially and significantly better than the patient group (average of the median search time: 2.3 vs 9.3 s; average accuracy: 99% vs 62%; average integrated performance: 0.81 vs 0.47; p < 0.001). Enhancement did not have a significant effect for the control group (p > 0.12).
By search time and integrated performance measures, image category was a significant factor (p = 0.001) for the control group. By accuracy measure, image category was not significant (p = 0.7), as it almost reached 100% for the control group (ceiling effect) with and without enhancement.
All the patients were able to perform the visual search task, but on average they were able to correctly identify about 60% of the targets ( Figure 5 ). Both their search time and accuracy were significantly different across image categories (F 2,34 > 10, p < 0.001). Visual search for the face images was the most difficult task, as it took the longest time and yielded the lowest accuracy. Among the three image categories, searching in the collection images was the least difficult task. The effect of enhancement was not statistically significant either for search time (F 1,18 = 1.29, p = 0.27), or for accuracy (F 1,18 = 0.43, p = 0.52). When individual's differences in search time and accuracy between searching with and without enhancement were examined ( Figure 6 ), it was found that there were many cases where the patients' performance improved in one measure but declined in another (data points in the upper right and lower left quadrants). In order to avoid ambiguity, further analyses were conducted using the integrated performance measure.
A repeated measure anova was carried out on the integrated performance with VA and age as covariates. Both the VA (F 1,16 = 10.6, p = 0.005) and age (F 1,16 = 5.4, p = 0.034) had significant effects on the integrated performance. The effect of enhancement was found to be not significant (F 1,16 = 0.95, p = 0.34) when all categories were included. The image category was a significant factor (F 2,32 = 11.4, p < 0.001). As Figure 7 shows, enhancement slightly improve search performance for the indoor and collection images, but not for the face images. This suggests that the face image search may be different from the others, as discussed in the discussion section. Excluding the face image category, the effect of enhancement was found to be significant (F 1,16 = 6.1, p = 0.025) for the indoor and collection images. These are real data from one subject used only to illustrate the analysis method. Here conditions 1 and 2 are universal, and they do not refer to any specific condition. Search performance can be quantified by the area under the curve, which combines both the percentage of correct response and the search time. A larger area, such as that of condition 1 here, represents a better performance. The area is computed with the longest response time normalized to 1 (not shown here). If measured by final correct response, performance in condition 2 would be better. If measured by median response time, performance in condition 1 would be better.
The effect of VA was further examined. Figure 8 plots the overall integrated performance (average over all image categories) of each individual patient along with their VA. Patients with better VA had a better search performance; and were more likely to benefit from the enhancement. For patients with VA better than 0.8 LogMAR (6/38, 20/125; subjects S1 to S10), the mean of relative improvement with enhancement was 7%. Linear regression found that VA alone can explain 22% (R 2 = 0.22, p = 0.04) of the variability of the integrated performance, and a combination of VA and age can explain 42% (R 2 = 0.42, p = 0.01). The proportion of performance improvement was also examined. It was found that one out of 19 patients (5%) performed better with enhancement for all three categories; eight out of 19 (42%) performed better with enhancement for two image categories; and 10 out of 19 (53%) performed better with enhancement for only one image category. No patient performed worse with enhancement for all three categories. Taken together, all patients had improved performance with enhancement for at least one image category. Assuming the enhancement absolutely had no effect, the arbitrary chance we would observe 'improved' performance (not real) for at least one image category would be seven out of eight (87.5%). A proportion Z-test showed that the 100% we observed in our study is significantly different from the arbitrary chance (p = 0.049, one-tailed), indicating that the enhancement indeed improved search performance.
Discussion
We have shown that patients with central vision impairment from various diseases and with varying levels of acuity loss were able to perform the natural image search task, although their performance was much worse than that of the normally sighted subjects. Our novel integrated performance measure combines the search time and accuracy measures and provides a comprehensive, unitary measure that allows a greater flexibility of experiment design than using only one single conventional measure (with the other arbitrarily fixed). This and our other on-going studies show that the natural image search task may be used to evaluate the performance of patients with central vision impairment. This paradigm has more face validity than prior search studies conducted with search objects that are graphically produced and with limited features. Using natural images is particularly important when evaluating the effect of image enhancement technologies including the type of spatial filtering used here or any other enhancement technique which may include magnification effects. 22 With a significant difference in search performance for the three different image categories, it is important to consider the nature of the stimuli used when evaluating visual functional performance in visual search. For the indoor and collection images, one may use many clues, such as colour, overall shape, orientation, to find the targets. Searching for faces is more difficult than searching in the indoor and collection images. This finding is not surprising, as face recognition has always been reported as a major difficulty in patients with visual impairment 18, 19 and is a frequent clinical complaint. It was more challenging in our study to find a given face target, especially since some of our face images included rather homogeneous groups of people (see Figure 1) . In order to find the target face correctly when coarse visual information, such as the overall colour and shape, are essentially the same, one needs to be able to distinguish the fine details of facial features between people of the same sex, with similar hair styles and facing directions. However, that is what patients with poor visual acuity are unable to do. It seemed that our image processing parameters did not provide sufficient enhancement for the fine details. The enhancement filter was chosen based on our previous preference studies, where patients preferred moderate enhancement and rejected harsher enhancement that caused the images to look unnatural. 9, 10 Further studies are needed to see if higher enhancement can increase performance of patients with worse visual impairment, even if they may reject the harsh enhancement in the preference evaluation.
Although we did not find a large overall performance improvement with the JPEG image enhancement used here, we did find significant improvement in search performance for some patients and on some image categories. Enhancement significantly improved the integrated performance for indoor and collection images. However, it is unlikely that the small improvement would have any practical value for patients. An interesting finding is that patients with mild to moderate visual impairment (VA between 0.4 to 0.8 logMAR, 6/15 to 6/38, 20/50 to 20/125) are more likely to benefit from the enhancement used here (Figure 8) . The finding supports our previous speculation 9 that contrast enhancement may help low vision patients to detect a certain range of frequencies that otherwise they would not be able to see. If these frequencies are critical for object recognition, the enhancement would presumably help with visual search. For higher frequencies, the elevated contrast thresholds in the patients may be so high that they are beyond the improvement that the contrast enhancement can provide. This might also explain why there was a significant improvement for indoor and collection images, but not for face images. Frequencies required for face recognition are higher than that for indoor and collection objects. 23 Based on this understanding, we think that a sound low vision rehabilitation approach may be a combination of magnification and image enhancement. With magnification, the higher spatial retinal frequency range can be shifted to a lower frequency range where the contrast enhancement may become helpful. With enhancement, images may not have to be greatly enlarged, alleviating the problem of loss of field of view inherent in magnification. S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 Subjects with better VA had better performance, and they were more likely to benefit from enhancement (square above cross).
